The development of obesity is characterised not only by increased storage of lipids in existing fat cells but also by the generation of new adipocytes from progenitor cells. This process, called adipogenesis, can be divided into two related steps. First, during determination, multipotent mesenchymal stem cells commit to preadipocytes. These cells exhibit similar morphology compared with stem cells; however, they are committed to the adipogenic lineage and are not longer able to transform into osteoblasts, myocytes or chondrocytes. Secondly, during differentiation, preadipocytes become mature fat cells. As in other developmental processes, adipogenesis is tightly regulated at a molecular level by several transcription factors. Within the last decade, it has also become clear how the activity of these transcription factors is coordinated by extracellular signals. In this respect, secreted WNT signalling molecules are particularly important. Several members of the WNT family have been shown to inhibit early steps of adipogenesis. Conversely, endogenous inhibitors of WNT signalling were found to promote generation of adipocytes, indicating a fundamental role of these bioactive peptides in adipogenesis. From a pathophysiological point of view, it is of interest that polymorphisms in genes of the WNT signalling system have been associated with the development of obesity and type 2 diabetes in humans. Moreover, recent findings indicate that certain WNT molecules are involved in the so-called low-grade inflammation of adipose tissue, which is crucial in the development of obesity-associated insulin resistance. These important findings in nutritional and metabolic medicine will be summarised in the present review.
Introduction
During the last century, a dramatic increase in the prevalence of obesity and its associated metabolic diseases such as type 2 diabetes has been noticed in most developed nations around the globe. Therefore, biomedical research into the molecular regulation of metabolism in response to nutritional factors has become increasingly important. High caloric intake and/or decreased energy expenditure results in a state of positive energy balance. This normally drives an increase in adipose tissue mass by two distinct mechanisms (Arner et al. 2010) . First, excess energy is stored as additional triglycerides in existing adipocytes resulting in enlargement of these cells, which is called hypertrophy. Secondly, if the number of fat cells is not sufficient to store increasing amounts of triglycerides, new adipocytes are generated by adipogenesis of mesenchymal precursor cells in a process described as hyperplasia. As long as adipose tissue is able to increase the capacity to store excessive energy by hypertrophy and/or hyperplasia, metabolic abnormalities are rare.
However, if adipose tissue is unable to recruit new fat cells, the size of the existing adipocytes may abnormally increase, which is known to be associated with whole-body insulin resistance (Klöting et al. 2010 ). Furthermore, disturbances in the generation of new fat cells may also result in ectopic lipid storage in liver and skeletal muscle (Sethi & Vidal-Puig 2007) , which is known to be associated with impaired insulin signalling in these metabolically important tissues (Savage et al. 2005) . From this point of view, abnormalities in adipogenesis are crucial in the development of obesity-associated co-morbidities, such as insulin resistance and type 2 diabetes.
Molecular research during the last decade revealed that many wingless-type MMTV integration site family members (WNT) signalling molecules act as negative regulators of adipogenesis in cell lines, rodents and humans. In general, it has been suggested that inhibition of WNT signalling is required to induce mesenchymal stem cells to undergo adipogenesis ). Besides that, induction of WNT inhibitors has been shown to be important to ensure a sufficient differentiation process (Lagathu et al. 2010) . In this review, the role of WNT molecules as regulators of adipogenesis will be summarised, and their implication in the pathogenesis of obesity and type 2 diabetes will be discussed.
Molecular regulation of adipogenesis
Adipogenesis is a tightly regulated developmental process, which can be divided into two related steps (Bowers & Lane 2008) . During the so-called 'determination' phase, mesenchymal stem cells commit to preadipocytes (Rosen & MacDougald 2006) . The main difference between these two types of mesenchymal cells is that stem cells are multipotent and can differentiate into adipocytes, osteoblasts, myocytes and chondrocytes, whereas preadipocytes are committed to the adipogenic lineage. Following determination, preadipocytes then become mature fat cells, in what is referred to as the 'differentiation' process. Although extensive research has been undertaken in the past on the molecular regulation of adipogenesis, most knowledge exists about the differentiation, whereas the determination process is poorly understood (Bowers & Lane 2008) . One reason is that most studies have been performed using murine 3T3-L1 cells, which are preadipocytes already committed to the adipogenic lineage and are therefore inappropriate for experiments on the determination process.
Induction of adipogenesis in both mesenchymal stem cells and committed preadipocytes by a hormonal cocktail (consisting of at least insulin, dexamethasone and 1-methyl-3-isobutylxanthine) results in the activation of a cascade of transiently expressed transcription factors (Rosen & Spiegelman 2000 , Laudes et al. 2004 . Of these, C/CAAT enhancer-binding protein (C/EBP)-a and C/EBP-b and peroxisome proliferator activator receptor (PPAR)-g are particularly important, since they increase the promoter activity of genes essential for the adipocyte phenotype (Rosen & Spiegelman 2000) . However, the signalling cascades inducing C/EBPs and PPAR-g themselves have not been known in detail for years. Fortunately, recent advances in biomedical research during the last decade revealed that both C/EBP and PPAR-g activities are regulated by canonical and non-canonical WNT signalling in mesenchymal cells.
Canonical and non-canonical WNT signalling WNT signalling was first described in Drosophila and is a highly conserved pathway found in several organisms from nematodes to mammals (Wainwright et al. 1988 ). The name arises from the polarity gene 'wingless' in Drosophila and its eukaryotic homologue 'int-1' (Rijsewijk et al. 1987) . The pathway is crucial in many developmental processes especially stem cell biology. WNT molecules constitute a 19-member family of secreted, cysteine-rich glycopeptides that act in an autocrine or a paracrine manner (Logan & Nusse 2004) . WNT molecules exert their effects by signalling through different 'canonical' and 'non-canonical' pathways ( Fig. 1) . The canonical WNT signalling pathway is also referred to as 'WNT/b-catenin dependent' and the noncanonical pathway as 'WNT/b-catenin independent', because the cytosolic protein b-catenin exhibits a crucial role in the canonical signalling (Cadigan & Liu 2006) . In the absence of WNT molecules, a degradation complex consisting of AXIN, the adenomatous polyposis coli (APC) protein, and glycogen synthase kinase 3b (GSK3b) exerts enzymatic activity. As a result, cytosolic b-catenin undergoes ubiquitination followed by protosomal degradation. Binding of specific WNT molecules to a receptor complex consisting of a frizzled receptor (FZ) and a low-density lipoprotein receptorrelated protein (LRP) co-receptor disrupts the degradation complex and consequently results in stabilisation of cytosolic free b-catenin. b-Catenin then translocates into the nucleus, binds to transcription factors of the lymphoid enhancer-binding factor/T-cellspecific transcription factor (LEF/TCF) family and activates promoters of WNT target genes. In contrast to the detailed understanding of the canonical pathway, at present, non-canonical WNT signalling is poorly defined. At least two different non-canonical cascades exist (Sethi & Vidal-Puig 2010) . In the WNT-cGMP/ Ca 2C pathway, specific WNT molecules and FZ isoforms trigger an intracellular Ca 2C release through activation of a heterotrimeric GTP-binding protein. This in turn activates the Ca 2C -sensitive kinase calcium/calmodulindependent kinase II (CAMKII) and the protein kinase C. Activation of these cascades results, for example, in the induction of the transcription factor nuclear factor of activated T-cells, which regulates the promoter activity of several WNT target genes (Semenov et al. 2007) . Besides this Ca 2C -dependent pathway, signalling of distinct WNT family members is also mediated by the c-Jun N-terminal kinase (JNK). The JNK cascade can be activated by certain FZ receptors or by the receptor tyrosine kinase-like orphan receptor (ROR; Semenov et al. 2007) . JNK exists in three isoforms (JNK1, 2 and 3), which are generated by alternative splicing. Upon induction of JNK by FZ or ROR receptors, the kinase phosphorylates the protein c-Jun among others, which forms the transcription factor complex AP-1 together with c-fos resulting in the activation of target gene promoters (Bogoyevitch et al. 2010) .
WNT signalling is also influenced by potent antagonists, which exert their inhibitory effects at different points of the system (Kawano & Kypta 2003) .
Secreted frizzled-related proteins (SFRP) and the WNT inhibitory factor-1 (WIF1) are soluble factors that directly bind WNT molecules and thereby sequester them from their membrane-bound receptors. By contrast, the Dickkopf (DKK) family members bind with high affinity to the LRP co-receptors, which results in the disruption of the WNTreceptor complex. Recently, it also became evident that the WNTsignalling pathway can be influenced by intracellular mediators. For example, the DAPPER1/FRODO1 (DACT1) protein has been shown to interact with the protein Dishevelled thereby inhibiting conduction of the signal from the FZ/LRP receptor complex (Zhang et al. 2006) . DACT1 also has been shown to coordinate effects on gene expression that selectively alter intracellular and paracrine/autocrine components of the canonical signalling pathway during adipogenesis ). Furthermore, canonical WNT signalling can be antagonised within the nucleus as shown for the proteins chibby and chop. These factors interfere with LEF or TCF transcription factors thereby inhibiting the expression of WNT target genes (Takemaru et al. 2003 , Horndasch et al. 2006 ).
WNT molecules in the determination of preadipocytes
The first study implicating a role for canonical WNT signalling in adipogenesis was published in the year 2000 (Ross et al. 2000) . In this report, it was shown that WNT10B maintains preadipocytes in an undifferentiated state through inhibition of the pro-adipogenic transcription factors C/EBP-a and PPAR-g. This inhibitory effect has been confirmed by several independent groups (Bennett et al. 2003 , Kawai et al. 2007 ). Furthermore, when WNT signalling was prevented by overexpression of a dominant-negative TCF4, preadipocytes underwent enhanced differentiation, indicating that the inhibitory effect of WNT10B on adipogenesis is mediated via the canonical pathway (Ross et al. 2000) . In addition, disruption of WNT signalling in vitro caused transdifferentiation of myocytes into adipocytes (Ross et al. 2000) . This important finding in this initial report demonstrated that WNT signalling is essential in mesodermal cell fate determination. On a molecular level, it was later shown that WNT molecules acting via the canonical pathway activate the expression of chicken ovalbumin upstream promoter transcription factor II (COUP-TFII), which recruits the silencing mediator of retinoid and thyroid hormone receptors (SMRT) co-repressor complex to the first introns of PPAR-g (Okamura et al. 2009 ). This maintains the chromatin in a hypoacetylated state, which represses the expression of this proadipogenic transcription factor. Furthermore, PPAR-g can also be influenced by the non-canonical pathway. For example, WNT5A can activate a CAMKII-dependent signalling cascade and induce the Nemo-like kinase (NLK), which phosphorylates a histone methyl transferase. This leads to the formation of a co-repressor complex that inactivates PPAR-g function through histone H3-K9 methylation (Takada et al. 2007 ).
The role of canonical WNT signalling in adipogenesis has also been examined at a physiological level. Transgenic mice overexpressing WNT10B from the adipocyte-specific FABP4 promoter have less adipose tissue when maintained on a normal chow diet and are resistant to diet-induced obesity (Wright et al. 2007 ). Furthermore, these mice do not gain significant body weight even on the ob/ob background. Strikingly, compared with normal ob/ob mice, which are hyperphagic due to leptin deficiency and therefore develop profound obesity, FABP4-WNT10B/ob/ob mice at 8 weeks of age exhibited a 70% reduction in visceral and subcutaneous adipose tissue mass (Wright et al. 2007 ). Besides these data on canonical WNT10B, genetic variants in non-canonical WNT5A have also been associated with the development of obesity in animal models (Almind & Kahn 2004 ), suggesting that both signalling pathways are important in adipose tissue formation in vivo. In 2006, a pathophysiological role of canonical WNT10B signalling could also be demonstrated in humans. Sequencing the WNT10B gene in two independent populations with more than 200 obese individuals identified a proband with early onset obesity carrying a C256Y mutation in the WNT10B gene, which abrogated the ability of WNT10B to activate the canonical signalling pathway (Christodoulides et al. 2006a) . As a consequence, adipogenesis is no longer inhibited, which might explain the occurrence of severe obesity. Of importance, the mutation was not detected in 600 healthy controls and co-segregated with the obese phenotype in the patients' family.
Besides white adipose tissue, which comprises the majority of fat cells and whose main function is to store energy and to participate in the regulation of metabolism, rodents and humans also contain so-called brown adipose tissue (Tseng et al. 2004 , Cypess et al. 2009 ). The brownish colour of this fat depot, which is mainly localised intrascapular, comes from the high mitochondrial content. It is thought that the main function of brown adipose tissue is to contribute to energy expenditure through regulated heat production and thereby defend against a decrease in body temperature. Although C/EBPs and PPAR-g are also important transcriptional regulators in brown adipogenesis, there are some unique features of brown adipocytes. For example, these cells express high levels of the uncoupling protein-1, which uncouples respiration from ATP synthesis (Hagen & Vidal-Puig 2002) . During the last several years, it has been shown that the development of brown fat tissue is also significantly inhibited by canonical WNT signalling (Kang et al. 2005) . However, it should also be mentioned that mitochondrial biogenesis itself was found to be increased in response to WNT molecules , Yoon et al. 2010 . In summary, these molecular, cellular and physiological findings clearly demonstrate a crucial role for WNT signalling in rodent and human white and brown adipogenesis.
It has also become clear in recent years that WNT signalling has a unique role in controlling adipogenesis versus the development into other mesenchymal lineages. As shown in several reports, osteogenesis, myogenesis and chondrogenesis are all promoted, while adipogenesis is the only mesenchymal developmental process, which is inhibited by WNT molecules (Zhou et al. 2004 , 2007 , Akimoto et al. 2005 , Kennell & MacDougald 2005 , Kirton et al. 2007 , Shang et al. 2007a ,b, Schilling et al. 2008 . For example, canonical WNT3A signalling in mesenchymal stem cells resulted in the induction of several pro-myogenic factors such as PAX7, MYOD and myogenin. Interestingly, at the same time, C/EBP-a and PPAR-g expression was reduced in these cells, indicating that WNT3A is an important regulator in the determination of stem cells into myocytes versus adipocytes (Shang et al. 2007a,b) . In terms of osteogenesis, our own experiments as well as the studies performed by independent groups showed that non-canonical WNT5A signalling induces multipotent mesenchymal stem cells to undergo osteogenesis, while simultaneously adipogenesis is inhibited (Arnsdorf et al. 2009 , Bilkovski et al. 2010 , Santos et al. 2010 ). Furthermore, the osteopontin promoter was found to be up-regulated by WNT5A, suggesting a molecular mechanism by which this WNT family member exerts pro-osteogenic effects (Bilkovski et al. 2010) . Finally, canonical WNT signalling was found to enhance chondrogenesis in pericyte pellet cultures in the presence of transforming growth factor-b3 as demonstrated by SOX9 expression and glycosaminglycan accumulation into the matrix (Kirton et al. 2007) . The importance of WNT signalling molecules in regulation of the fate determination from adipogenesis towards osteogenesis has also been shown in in vivo systems. For example, the FABP4-WNT10B transgenic mice mentioned above not only exhibit reduced adipose tissue mass but also their femurs have almost four times as much bone mass in the distal metaphyses and are mechanically stronger (Bennett et al. 2005) . FABP4-WNT10B mice maintain elevated bone mass for at least 23 months of age, which reflects reduced senile osteoporosis. Furthermore, they are protected from bone loss due to oestrogen deficiency. A second important in vivo model is Wnt10b K/K mice, which exhibit decreased trabecular bone mass and reduced serum levels of osteocalcin (Bennett et al. 2005) . In summary, these data clearly indicate that WNT signalling is crucial in the regulation of the cell fate determination of multipotent stem cells into different mesenchymal lineages.
While WNT molecules are important in the determination of multipotent stem cells into preadipocytes, WNT antagonists exert a crucial role during the differentiation process of preadipocytes into mature fat cells. For instance, SFRP1 is induced during adipogenesis and constitutive overexpression of SFRP1 in vitro promoted adipogenic differentiation by inhibition of canonical WNT signalling (Lagathu et al. 2010) . In complete agreement with these in vitro findings, SFRP1 was shown to be expressed at higher levels in mature fat cells compared with preadipocytes in humans and, of importance, SFRP1 expression in adipose tissue was shown to be increased in patients with mild obesity (Lagathu et al. 2010) . Also, the expression of DKK1 was shown to be induced at the beginning of the human adipogenic differentiation process ex vivo. In addition, a constitutive DKK1 overexpression promoted (Christodoulides et al. 2006b ) while a DKK1 knockdown by siRNA inhibited adipogenesis (Park et al. 2008) . From a pharmacological point of view, it is important to mention that thiazolidinediones, a class of oral antidiabetic drugs, rapidly increased DKK1 protein levels and secretion in adipocytes (Gustafson et al. 2009 ). Interestingly, DKK1 was detected during human but not rodent adipogenesis, suggesting species specificity of this bioactive factor (Christodoulides et al. 2006b ). Besides these classical WNT inhibitors, recently it has been shown that microRNA molecules are able to interfere with WNT signalling. By genetic screening in Drosophila, miR-8 was identified to potently antagonise WNT signalling and to repress TCF protein levels. In the same report, the mammalian homologues of miR-8 were shown to promote adipogenesis of marrow These cells secrete anti-adipogenic WNT5A, which is neutralised by SFRP5 released by healthy adipocytes. In obese and type 2 diabetic subjects, the number of macrophages is increased. In addition, adipocytes from such subjects secrete less SFRP5, resulting in increase in WNT5A activity in adipose tissue. This in turn induces insulin resistance of mature adipocytes via JNK interfering with insulin receptor substrate (IRS)1 and also impairs generation of novel adipocytes by inhibiting adipogenesis of mesenchymal precursor cells. stromal cells, indicating an evolutionary conserved role of miR-8 family members in regulating WNT signalling and adipogenesis (Kennell et al. 2008) .
WNT molecules in the pathogenesis of human obesity and type 2 diabetes
Motivated by increasing knowledge about WNT signalling in the development of human adipose tissue, several genetic studies were performed to examine whether polymorphisms in WNT genes are associated with the development of obesity and type 2 diabetes in humans. In one report, using a candidate gene approach, a heterozygous mutation in the WNT10B gene was found in a proband with early onset obesity but not in 600 healthy controls (Christodoulides et al. 2006a) . Although this clearly suggests a relevant role of WNT signalling molecules in the pathogenesis of obesity in humans, this single mutation does not represent a common mechanism in the large preponderance of subjects suffering from obesity. In case of type 2 diabetes, large-scale genetic screening approaches resulted in the identification of two important genes. First, two independent studies with more than hundred patients each reported a significant association of common single nucleotide polymorphisms (SNPs) in the WNT5B gene with type 2 diabetes in humans (Kanazawa et al. 2004 , Salpea et al. 2009 ). Most importantly, several independent genetic studies revealed that variants in the transcription factor 7-like 2 (TCF7L2) gene are associated with a significant risk for type 2 diabetes (Grant et al. 2006 , Scott et al. 2006 , 2007 . TCF7L2, also known as TCF4, is part of the canonical WNT signalling pathway (Smith 2007 ). However, studies on a potential mechanism whereby TCF7L2 might influence diabetes risk revealed that pathogenetic SNPs are related to impaired insulin secretion and disturbed effects of the incretin system, which suggests that WNT signalling in humans is not only important in adipose tissue development but also in pancreatic islet biology (Lyssenko et al. 2007 ).
WNT molecules and low-grade inflammation of adipose tissue
Infiltration of adipose tissue by macrophages and lymphocytes has been associated with insulin resistance (Kintscher et al. 2008 , Blü her et al. 2009 ). It is believed that these inflammatory cells alter adipogenesis via secretion of pro-inflammatory cytokines (Sethi & Hotamisligil 1999) , which may result in impaired hyperplasia of adipose tissue in response to high caloric intake. As a consequence, an increasing amount of triglycerides is stored in enlarged adipocytes known to be associated with insulin resistance. A recent report from our own group suggests that macrophages not only influence adipogenesis of mesenchymal precursor cells via pro-inflammatory cytokines but also by secretion of WNT5A (Bilkovski et al. 2011 ). Interestingly, an independent study identified SFRP5, a known antagonist of WNT5A, as an anti-inflammatory adipokine whose secretion by adipocytes is perturbed in models of obesity and type 2 diabetes (Ouchi et al. 2010 ; Fig. 2) . Thus, WNT signalling might have a fundamental role in the interaction of adipocytes and inflammatory cells in adipose tissue of patients with obesity and type 2 diabetes.
Conclusion
Within the last 10 years, it has become evident that WNT signalling molecules are important key regulatory factors that play a unique role in the determination of multipotent mesenchymal stem cells into preadipocytes. Furthermore, increasing evidence suggests that in later stages of adipogenesis, WNT inhibitors are necessary to maintain WNTsignalling in an inactive state. These effects at the cellular and molecular level are crucial in the pathogenesis of obesity and type 2 diabetes as illustrated both by animal models and by several genetic studies in humans. Finally, recent data suggest that these bioactive molecules are not only important in the regulation of differentiation processes but are also involved in coordinating the activity of inflammatory cells within adipose tissue. These latest findings in particular are likely to open an interesting avenue of biomedical research, which may result in the development of novel therapeutic approaches to treat these important metabolic diseases.
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